Age-related cataract, an opacity of the eye lens, is the leading cause of visual impairment in the elderly, the etiology of which is related to oxidative stress damage. Oxidation of methionine to methionine sulfoxide is a major oxidative stress product that reaches levels as high as 60% in cataract while being essentially absent from clear lenses. Methionine oxidation results in loss of protein function that can be reversed through the action of methionine sulfoxide reductase A (MsrA), which is implicated in oxidative stress protection and is an essential regulator of longevity in species ranging from Escherichia coli to mice. To establish a role for MsrA in lens protection against oxidative stress, we have examined the levels and spatial expression patterns of MsrA in the human lens and have tested the ability of MsrA to protect lens cells directly against oxidative stress. In the present report, we establish that MsrA is present throughout the human lens, where it is likely to defend lens cells and their components against methionine oxidation. We demonstrate that overexpression of MsrA protects lens cells against oxidative stress damage, whereas silencing of the MsrA gene renders lens cells more sensitive to oxidative stress damage. We also provide evidence that MsrA is important for lens cell function in the absence of exogenous stress. Collectively, these data implicate MsrA as a key player in lens cell viability and resistance to oxidative stress, a major factor in the etiology of age-related cataract.
T
he eye lens consists of a single layer of epithelial cells that cover concentric layers of elongated fiber cells. The fiber cells nearest the epithelium make up the lens cortex, and the fiber cells in the center of the lens are referred to as the lens nucleus. Lens fiber cells do not turn over and are some of the oldest cells in the body. Damage to lens cells and their components ultimately results in protein aggregation and age-related cataract. Age-related cataract is an opacity of the eye lens that is the major cause of world blindness (1) . Among the many factors involved in cataract formation, oxidative stress plays a major role through the oxidation and aggregation of lens proteins (2-5). One major protein modification associated with oxidative stress in the lens is oxidation of methionine residues to methionine sulfoxide. Methionine sulfoxide is barely detectable in young lenses but increases in the lens with age (6) . Compellingly, methionine sulfoxide levels increase in cataract (7) , and as much as 60% of membrane bound protein methionines are present in an oxidized form (8) . Although it has been established that numerous important oxidative stress and other defense systems function in the lens including ␣-crystallin (9), manganese superoxide dismutase (MnSOD) (10) , copper͞zinc superoxide dismutase (CuZnSOD) (11) , reduced glutathione (12) (13) (14) , glutathione reductase (15) , glutathione S-transferase (16) , thioltransferase (17) , catalase (18) , and others, most of these systems are protective; that is, they do not reverse oxidative stress damage, and none work directly on oxidized methionines. Oxidation of methionine residues is associated with the loss of numerous protein activities and effects a multitude of biological functions (19) (20) (21) (22) (23) (24) . Thus, any protective system that could reduce oxidized methionines could play a major role in maintenance of lens transparency.
Unlike most protein modifications, methionine sulfoxide can be converted back to methionine through the action of a class of enzymes known as methionine sulfoxide reductases (Msrs) (25) in a thioredoxin-dependent reaction involving both thioredoxin reductase and NADPH (19, 26) . The Msr system is a key repair and defense system that is conserved throughout evolution and influences longevity in species ranging from Escherichia coli to mice. Oxidation of methionine residues results in two forms of methionine sulfoxide, an S and R form. Two separate classes of Msrs, referred to as MsrA and MsrB, have been identified that repair the S and R forms, respectively, of methionine sulfoxide residues (25) . Overexpression of MsrA in transgenic flies renders them more resistant to oxidative stress and dramatically increases their lifespan (27) . Overexpression of MsrA confers direct protection against peroxide-mediated oxidative stress in yeast and human T-lymphocytes (28) . By contrast, E. coli and yeast lacking MsrA are more sensitive to oxidative stress (29, 30) , and deletion of the MsrA gene in mice results in increased sensitivity to oxidative stress, a shortened lifespan, and neurological impairment (31) .
Increased oxidized methionine content in aging and cataractous lenses suggests a role for methionine sulfoxide in cataract formation. Msr activity has been detected in the lens (32); however, to date, the role of Msrs in lens function or in the development of cataract has not been established. In the present report, we have examined the levels and spatial expression patterns of MsrA in the human lens and have tested the ability of the enzyme to directly protect cultured human lens cells against oxidative stress. The results reveal that high levels of MsrA transcript and protein are found throughout the human lens, that MsrA directly protects lens cells against oxidative stress-induced damage, and that MsrA plays a role in lens cell viability even in the absence of exogenously added stress.
Materials and Methods

Analysis of MsrA Transcript and Protein Levels in Microdissected
Components of Whole Human Lenses. The relative levels of MsrA transcript and protein were estimated between microdissected portions of adult human lenses by semiquantitative RT-PCR and Western analysis. Eight clear human lenses were microdissected to remove the lens epithelium from the underlying fiber cells. The fiber cells were further dissected into cortical and nuclear components. RT-PCR was performed by using 100 ng of total RNA as described in ref. 33 . The sequences of the primers used in this study are as follows: MsrA forward 5Ј-AGTACCTGAG-CAAGAACCCCA-3Ј and MsrA reverse 5Ј-TCACTCAGAC-CCCAGAAGACA-3Ј. MsrA transcript was amplified for 34 PCR cycles with an annealing temperature of 56°C. All reactions were conducted by using reagents contained in a commercial RT-PCR kit (One-Step kit, Invitrogen) according to the manufacturer's protocol. Products were separated by gel electrophoresis, and all products were sequenced to ensure authenticity. Product formation was tested to be linear over the number of PCR cycles indicated. Protein was isolated from microdissected lens epithelia, cortical fibers, and nuclear fibers by sonication, and Western analysis was performed by using MsrA-specific antibody as described in ref. 34 .
Spatial Localization of MsrA Protein in an Intact Human Lens. A human lens (Ͻ24 h postmortem) from an 18-year-old female was processed, and MsrA protein was visualized by immunohistochemistry as described in ref. 35 , using a 1:2,000 dilution of anti-MsrA antibody and streptavidin-conjugated secondary antibody. Complexes were visualized by using the VECTASTAIN Elite Kit (Vector Laboratories) as specified by the manufacturer. Sections were counterstained with hematoxylin, and identical procedures were carried out in the absence of primary antibody as control. Creation of MsrA-Overexpressing HLE Cell Lines. MsrA-overexpressing cell lines were created by using the ViraPower Lentiviral Expression System (Invitrogen) as described by the manufacturer. Primers were designed to amplify full-length MsrA transcripts with the exception of the final 9 bp on the 3Ј end of the MsrA transcript encoding the last two amino acids and the stop codon. Ablation of the stop codon allowed for fusion of the recombinant protein to a V5-epitope tag used to identify the translated product.
Confirmation of MsrA Overexpression in SRA01͞04 HLE Cells. Overexpression of MsrA was confirmed by semiquantitative RT-PCR and Western analysis with an anti-V5 monoclonal antibody (Invitrogen) at a dilution of 1:5,000 as described above.
Short Interfering RNA (siRNA)-Targeted Gene Silencing. Doublestranded siRNAs specific for MsrA were designed and manufactured using Qiagen's (Valencia, CA) 4-for-Silencing service. HLE cells were transfected with siRNA by using the TransMessenger Transfection Reagent kit (Qiagen) according to the manufacturer's protocol. Three different double-stranded siRNA constructs were used in these studies designated as siRNAs 1, 8, and 4 with the following sequences: siRNA 1, CCCCUGUAGCGGCCAAA-CAUU and UGUUUGGCCGCUACAGGGGUC; siRNA 8, CAAAGUACAAAGGAAUUUAUU and UAAAUUCCUUU-GUACUUUGUG; and siRNA 4, CGGGAGGGACAGACUUU-CUUU and AGAAAGUCUGUCCCUCCCGGA.
Cell-Viability Assays with 3-(4,5-Carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) Reagent.
A CellTiter 96 AQ ueous One Solution Cell Proliferation Assay (Promega) kit containing the tetrazolium compound MTS was used to monitor cell viability according to the manufacturer's protocols. MTS color change was monitored by using an ELX-800 universal plate reader (Bio-Tek, Winooski, VT) set at an absorbance reading of 492 nm.
H2O2 Sensitivity of Control, Overexpressing, and siRNA-Treated HLE Cells. HLE cells were plated in 96-well plates at a density of 20,000 cells per well and treated with multiple concentrations of H 2 O 2 for 24 h in serum-free media. H 2 O 2 treatments were analyzed in sets of four identical treatments, and cell viability was monitored by using MTS assays. For siRNA studies, cells were transfected with 4 g of siRNA per 500,000 cells or mocktransfected by using all of the transfection reagents in the absence of siRNA. Mean absorbance and standard deviations for each treatment were determined.
Results
MsrA Transcript and Protein Are Expressed by the Human Lens.
Whole human lenses were microdissected and RNA was prepared from isolated lens epithelium and fiber cells, and protein was extracted from lens epithelial, cortical, and nuclear fiber cells. MsrA transcript was detected in the lens epithelium and fiber cells by semiquantitative RT-PCR (Fig. 1A) . MsrA transcript is expressed at significantly higher levels in the lens epithelium relative to fiber cells. Consistent with transcript levels, MsrA protein was detected at high levels in the lens epithelium with lower levels in the cortical and nuclear fiber cells by Western analysis (Fig. 1B) . Immunohistochemical staining localized MsrA protein to the lens epithelium, cortical, and nuclear fibers ( Fig. 2 A and C) . No significant staining was observed when using secondary antibody alone ( Fig. 2 B and D) . These data are in agreement with the levels of MsrA activity detected in subregions of microdissected human lenses (32) .
Overexpression of Exogenous MsrA in HLE Cells Confers Resistance to
H 2O2-Induced Oxidative Damage. To determine the ability of MsrA to protect HLE cells against H 2 O 2 -induced oxidative stress, MsrA-overexpressing human lens cell lines were created and exposed to H 2 O 2 , and viability was measured by using MTS assays. The overexpressing cells exhibited increased levels of MsrA mRNA (Fig. 3A) and protein (Fig. 3B) relative to uninfected control cells. Overexpression of MsrA protected HLE cells against oxidative stress by as much as 40% over uninfected control cells at concentrations of H 2 O 2 ranging from 800 to 950 M (Fig. 3C) . Oxidation of methionine results in an R and an S form of methionine sulfoxide, of which MsrA is specific for the S form (25) . Thus, a 50% increase in cell viability would likely be the maximal amount of protection obtainable through MsrA overexpression.
Silencing of Endogenous MsrA Causes Increased Sensitivity of HLE
Cells to H 2O2-Induced Oxidative Damage. The effects of decreased endogenous MsrA on the sensitivity of HLE cells to H 2 O 2 were examined by siRNA gene silencing. Significant decreases in MsrA transcript levels relative to mock-transfected control cells were detected at 24, 48, and 72 h posttransfection (Fig. 4A) . Silencing of endogenous MsrA rendered HLE cells more sensitive to H 2 O 2 -induced stress at concentrations ranging from 570 to 720 M by Ϸ25% relative to mock-transfected cells (Fig. 4B) . The differences in cell viability are not due to the presence of double-stranded RNA molecules because no difference in cell viability was detected when transfections were performed by using a siRNA construct that is ineffective in reducing the transcript levels of MsrA (data not shown). ( Fig. 4B) , suggesting that MsrA could be required for normal cell function. To further explore this possibility, the viability of HLE cells in the absence of exogenously added stress was determined in mock-transfected HLE cells, HLE cells transfected with an siRNA that reduces MsrA transcript levels by Ϸ50% relative to mock-transfected cells (siRNA #1), an siRNA that reduces MsrA transcript levels by Ϸ80% relative to mock-transfected cells (siRNA #8), and, as a control, an siRNA that is designed to target the MsrA transcript but that is ineffective in reducing the level of MsrA transcript (siRNA #4). The sequences of the siRNAs are listed in Materials and Methods. The data are shown in Fig. 5 . No difference in cell viability was detected between mock-transfected cells and cells transfected with siRNA #4 (Fig.  5B) . In contrast, cells transfected with siRNAs #1 and #8 exhibited Ϸ25% and 54% decreased viability relative to mocktransfected cells (Fig. 5B) . The differences in cell viability are proportional to MsrA mRNA levels (compare A with B in Fig.  5 ), providing further evidence that reduction of MsrA causes reduced viability of HLE cells in the absence of exogenously added stress.
Discussion
Previous studies have demonstrated expression of MsrA in multiple tissues including the kidney, retinal pigmented epithelium, brain, blood, and alveolar macrophages (36) . Here, high levels of MsrA transcript and protein were detected in the human lens epithelium and the lens cortical and nuclear fiber cells where there is no protein turnover, suggesting a role for MsrA in defending this region of the lens against oxidation. MsrA has previously been shown to play a role in defense against oxidative stress in multiple nonlens systems (37) (38) (39) . In this report we also demonstrate that overexpression of MsrA protects lens cells against H 2 O 2 -induced oxidative stress, whereas decreased expression of MsrA results in increased sensitivity to oxidative stress and decreased lens cell viability even in the absence of stress.
MsrA transcript exhibits Ϸ2-fold higher levels in the lens epithelium relative to the terminally differentiated fiber cells (Fig. 1 A) . MsrA protein is also present at the highest levels in the lens epithelium relative to cortical fibers, with detectable but lower levels in the nucleus of the lens (Fig. 1B) . Immunohistochemical staining for MsrA in a whole human lens paralleled the Western analysis. Intense staining was observed in the lens epithelium with lower levels detected in the cortical fibers ( Fig.  2 A and B) . The lens epithelium, which is essential for the growth, differentiation, and homeostasis of the entire organ (40, 41) , contains the highest levels of enzymes and transport systems in the lens (42) (43) (44) . It is also the first part of the lens exposed to oxidative stress (43, 44) . Multiple studies suggest that the lens epithelium is capable of communicating with the underlying fiber cells (45, 46) , and damage to the lens epithelium and its enzyme systems is known to result in cataract formation (6, (47) (48) (49) . Importantly, oxidative damage to the lens epithelium is believed to be an initiating factor of cataractogenesis (6) . The high abundance of MsrA in the lens epithelium and fibers suggests that MsrA plays an important role in defending the lens against oxidative stress. The intense staining for MsrA in the fiber cells of the lens (Fig. 3 C and D) suggests an important function for MsrA in the lens fibers that are particularly prone to oxidative stress damage because they do not turnover and are incapable of replenishing damaged proteins. The high levels of MsrA expression in the fiber cells suggest that the enzyme is possibly involved in the long-term repair and maintenance of crystallins, which constitute Ϸ40% of the wet weight of the lens and are primarily responsible for lens transparency (50) .
Previous studies have revealed the ability of MsrA overexpression to aid cells in defense against oxidative-stress-induced damage including protection of PC12 cells from hypoxia-induced cell death (37) and human T lymphocytes against the cytotoxic effects of H 2 O 2 stress (28). Here we extend these studies to demonstrate that exogenous expression of MsrA in HLE cells confers resistance to H 2 O 2 -induced oxidative damage. Overexpression of MsrA to levels approaching a 10-fold increase relative to uninfected control cells (Fig. 4A ) resulted in as much as a 40% increase in cell viability over H 2 O 2 concentrations ranging from 800 to 950 M. This effect appears to be specific for MsrA overexpression because multiple cell lines created from separately prepared viral stocks resulted in similar protection against H 2 O 2 -induced stress. In addition, positive control cells created by using a non-MsrA-overexpressing virus exhibited responses to H 2 O 2 exposure that were nearly identical to those of uninfected control cells (data not shown). The concentrations of H 2 O 2 used in this study to induce cell death fall well within the range of concentrations used in many other studies examining H 2 O 2 -induced cell death in multiple cell types including HLE cells (51) , human retinal pigmented epithelial cells (52) , and human neuroblastoma cells (53) .
In addition to the protective effects that overexpression of MsrA confers to cells in the presence of oxidative stress, deletion of the MsrA gene in E. coli and yeast renders them more sensitive to oxidative stress conditions (29, 30) . Similar effects are observed in mammals. MsrA-deficient mice exhibit a decrease in lifespan of 10% under standard conditions and upwards of 50% under hyperoxic conditions (31) . The present work demonstrates that decreased levels of MsrA, through siRNA-mediated gene silencing, in HLE cells results in an Ϸ25% increase in H 2 O 2 sensitivity over H 2 O 2 concentrations ranging from 570 to 720 M. Relative to the overexpression studies, the lower levels of H 2 O 2 used in the siRNA studies suggests that the transfection process has a negative effect on cell viability relative to untransfected control cells. This phenomenon is likely to result from an increase in the cell's membrane permeability upon transfection, although the exact mechanism is not known. However, multiple, separately conducted transfections resulted in nearly identical responses of the cells to H 2 O 2 , and statistical analysis of each replicate produced the same differences in viability between mock-and siRNA-transfected cells. In addition, cells transfected with a siRNA that is ineffective in decreasing the levels of MsrA exhibited the same responses to H 2 O 2 as the mock-transfected cells. Taken together, these data indicate that the observed differences in cell viability are attributed to decreased levels of MsrA and are not the result of nonspecific effects caused by the presence of double-stranded RNA molecules or the transfection process. Silencing of the MsrA gene also resulted in a significant decrease in lens cell viability even in the absence of exogenously added stress, providing evidence that MsrA is important for normal lens cell function. Unlike the H 2 O 2 treatments that required the use of serum-free media, these studies were conducted in the presence of serum and therefore indicate that serum starvation is not a factor in the decreased cell viability observed upon transfection of cells when using MsrA siRNAs. This effect was proportional to the level of MsrA silencing elicited by two separate siRNAs and was specific for effective MsrA siRNAs. Because the MTS assay used in this procedure measures the activity of mitochondrial enzymes, this result suggests that MsrA may play a role in mitochondrial function that could include detoxification of superoxide generated during respiration and͞or repair of mitochondrial proteins damaged through oxidation. H 2 O 2 is produced at a relatively high rate in cells as a byproduct of normal aerobic metabolism (54) and is known to induce cellular damage through the depletion of ATP, glutathione, and NADPH levels, by the generation of hydroxyl radicals through Fenton reactions (55, 56) and through DNA strand breakage (57) . Mitochondria are a main target for reactive oxygen species damage, and H 2 O 2 is known to induce a mitochondrial permeability transition and disrupt the mitochondrial membrane potential, resulting in the release of cytochrome c into the cytosol and thereby triggering cells to undergo apoptosis through the activation of caspase 3 (58) . MsrA is reported to consist of a cytosolic and mitochondrial form (59, 60) . It is possible that the decrease in cell viability demonstrated in the present report results from multiple phenomenon, and studies are currently underway to determine the exact roles that cytosolic MsrA, mitochondrial MsrA, and MsrBs play in normal cell function.
The present study establishes a potential role for MsrA in defense of lens cells against oxidative stress and in normal lens cell function. These data, in conjunction with increased methionine sulfoxide content in the human lens with age and upon cataract formation, provide evidence that MsrA may be involved in the etiology of cataract formation. Although the targets for MsrA action in the lens have yet to be defined, it has been shown that oxidation of ␣-crystallin results in a loss of chaperone activity (2, 61) that could play a role in cataract formation (62) . Another likely target for MsrA repair are the ␥-crystallins, which are rich in methionine residues and are one of the first lens proteins to aggregate in cataract (47) . MsrA function depends on the reducing system, and NADPH levels have been shown to decrease rapidly upon cataract formation (63) . The targets of MsrA action in the lens have yet to be determined.
